Abstract: Using small-signal linearization, we obtain an expression for crosstalk in a dispersion-managed analog link including loss and gain. Our theory is validated both by full simulation and experimental results.
Introduction
In the transmission of analog signals, cross-phase modulation (XPM) between channels in a WDM system is highly detrimental. This effect leads to the transfer of the intensity modulation in one channel, which we call the "pump" channel, to phase modulation in another, called the "probe" channel. The fiber's group-velocity dispersion then converts this phase modulation into intensity modulation, distorting the probe channel. The resulting transfer of intensity modulation from the pump to the probe is measured by the crosstalk, which is the ratio in decibels of the received RF power in the probe channel to the received RF power in the pump channel at a given modulation frequency.
Since crosstalk in an analog link arises because of the Kerr nonlinearity, it is reasonable to mitigate it by using dispersion management, which has been used successfully in digital links to reduce the nonlinear interaction between channels. Large local dispersion is used to achieve a large group velocity difference between the channels, thereby averaging the nonlinear phase rotation in the probe over many periods of the amplitude modulation in the pump. At the receiver, the fiber dispersion is compensated so as to incur little dispersive distortion.
Several authors have considered the problem of analytically calculating crosstalk in analog fiber links limited by XPM [1] [2] [3] . In some cases, closed-form expressions for the crosstalk have been presented [1, 2] , but previous work did not include the effect of pump channel distortion due to feedback from the probe and self-phase modulation during transmission, which we have found is necessary to accurately compute the crosstalk for large modulation frequencies and for the dispersion-managed experiments that we are modeling. One may compute the crosstalk for any system by resorting to costly numerical integration of the nonlinear Schrodinger equation. However, in this paper we linearize the system by assuming that the modulation depth and the ratio of the modulation frequency to the channel spacing are small, yielding a linear system of ordinary differential equations (ODEs). After solving this system of ODEs, we can compute the crosstalk. This linearization quantitatively captures all of the characteristics of the XPM-induced crosstalk, even in complicated systems with dispersion management and periodic gain and loss. The equations reveal the underlying physics and are computationally nearly as rapid to evaluate as earlier closed-form expressions. We validate our results by comparison to full numerical simulations and to experiment.
Crosstalk analysis
We calculate XPM-induced crosstalk in a fiber optic link by using two co-propagating channels -one that is initially modulated while the other is initially continuous wave (CW). In analog links, the initially modulated channel typically has a strong optical carrier modulated by a sinusoid with a small amplitude whose frequency is small compared to the channel spacing. One can use a small-signal analysis to linearize the optical signal about the carrier component, yielding equations for the two modulation tones for each of the two channels. We keep the effects of chromatic dispersion and the Kerr nonlinearity in the linearization of both channels. (4) where the dagger indicates the conjugate transpose, and and 0 are the 2 x 2 identity and zero matrices, respectively.
Results
In Fig. 1 (1) and (4). In Fig. I(b) , we plot the crosstalk as a function of the modulation frequency for a dispersion-compensated system, in which we compare our ODE simulation (thick curves) and experimental measurements of the crosstalk (thin curves) by Campillo, et al. [ 4 (see Fig. 10 )]. The system used in this experiment consists of 8.1 km of UltraWave (TM) fiber followed by dispersion compensation equalling 0%, 50%, and 100% of the UltraWave fiber. 
Conclusions
The XPM-induced crosstalk in an analog fiber link can be obtained by solving a straightforward 4 x 4 homogeneous linear system of ODEs. We have validated this approach by comparison to full simulations and experiments.
